Introduction
The lubricating oil, which is indispensable for the proper functioning of the engine, is subject to aging and it can be used as long as it fulfills its task properly by retaining specific physicochemical properties. The levels of specific physical and chemical properties of engine oil affect the quality and range of functions performed by the oil and, as such, they are a prerequisite for its suitability for a particular type of engine. Among the parameters and physicochemical quantity levels outlined in subject standards and literature, the preference is given to the kinematic viscosity and dynamic viscosity (some of the basic properties of fluids) [2, 4, 6, 10, 11] . Kinematic viscosity is always stipulated in the quality requirements relating to lubricating oils. It can increase or decrease during operation. An increase in viscosity is generally connected with progressive oxidation processes at elevated temperature, and a decrease with the shear of oil. The assessment of oil viscosity allows the user to estimate the time between oil changes.
According to the current state of knowledge, the quality of engine oil can be determined through a series of tests, which include laboratory evaluation of the physicochemical properties, as well as through assessing its particular properties which, however, entails lengthy and costly operational research [1, 3, 8, 13, 15, 16, 18] . Knowledge and understanding of the characteristics of motor oils and developing effective methods of analysis enables the creation of systems of quality monitoring which may be conducted within the life cycle of the engine.
A number of studies have been conducted to scientifically measure the quality of engine oils. Inayatullah et al. [5] used the technique of acoustic emission to analyze engine oil viscosity. Karpovich et al. [7] attempted to develop a universal instrument to measure and control the quality of motor oils. Their evaluation of the quality and condition of engine oil was centered around viscosity as a key performance indicator. Agoston et al. [1] , on the other hand, have focused in their research on thermal aging of engine oils. They have shown that oil evaporation and oil burning have the most significant impact on the process of aging, thus leading to the loss of its key properties, which inevitably affects the overall performance of the engine oil. Wang [14] used the road tests in the assessment of engine oils. Special sensors have been installed in three vehicles and tested during the drive. The results of the study point out three stages of engine oil degradation: 1. Good condition 2. A rapid increase in acid number 3. A rapid increase in viscosity.
Bassbasi et al. [3] proposed infrared spectroscopy to monitor and control as well as enable high-speed inspection of motor oils. Similarly, Wolak and Janocha [16] focused on the assessment of changes in physicochemical properties of engine oils, using the method of in-
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The kineTics of changes in kinemaTic viscosiTy of engine oils under similar operaTing condiTions kineTyka zmian lepkości kinemaTycznej olejów silnikowych w warunkach eksploaTacji* [17] focused in his research on the impact of oil on the quality, longevity and reliability of the engine. The analysis was conducted based on a review of oils, engines and technologies, and a survey study of vehicle users. The results of these in-depth studies indicate a significant influence of oil change intervals on quality and reliability of the engine. The aim of the present study was to examine the direction and intensity of changes in kinematic viscosity of engine oils under similar operating conditions. The obtained results have led to the development of a statistical model describing these relationships.
Materials and methods
The experimental material consisted of five engine oils offered by different manufacturers, but belonging to the same SAE class of viscosity. The oils were coded as CE, MS, ME, PS, PE; detailed specifications of which are presented in Table 1 . All engine oils were operated in passenger cars of a uniform fleet of 25 vehicles. The cars were equipped with petrol engines with the displacement of 1,332 cm 3 . The vehicles in the research were divided into two groups. The first group of 23 vehicles was operated in conditions that can be described as "severe", i.e. frequent starting of the engine, driving a short distance, extended engine idling. The second group consisting of 2 vehicles (PS018193 and CE017977) was operated in typical urban driving and mixed conditions. Graphical illustrations of the results including both groups of engine oils are presented below. However, the second group of vehicles has been left out in statistical analyzes due to their not meeting the prerequisite of being operated under similar conditions. Both groups of vehicles were fueled up by petrol coming from the same source. Each of the oils was applied randomly to five cars.
Oil sampling is of particular importance in such studies because the samples must be representative. This can be achieved, not only by ensuring appropriate and regular sampling procedure, but also by setting a proper sampling frequency. Due to the problems with regular collection of the samples after a certain number of kilometers traveled, a specific period of time was selected at which the sampling would be performed. All samples were collected and examined on a quarterly basis, starting with fresh oil and then after 3, 6, 9 and 12 months. At 3 and 6 months as many as 25 oil samples were taken, whereas at 9 and 12 months -23 (due to the decommissioning of the two vehicles). In total, after 12 months, 96 samples were collected. The kinematic viscosity was measured at 40°C and 100°C in all samples, including fresh oil, and it was determined in accordance with the EN ISO 3104 using the Ubbelohde capillary viscometer (the size 2C; range 60-300 mm 2 ·s -1 -temp. 40°C, and the size 1B; range 10-50 mm 2 ·s -1 -temp. 100°C). The lab workstation used to measure the kinematic viscosity at 40°C and 100°C is presented in Fig. 1 .
All measurements were repeated three times and the results were statistically analyzed using the Statistica 10 software. Initially, the data was fitted to the linear regression model, estimated using the maximum likelihood method within the scope of socalled general least squares method. The use of that method made it possible to include in the process of estimation theoretically reasonable assumptions about the correlation of the next consecutive time measurements of the oil coming from the same vehicle.
It was assumed that the random component in the regression model is subject to continuous process of the first-order auto-regression. However, in the course of further studies, the results of the sensitivity analysis demonstrated that the use of the above-mentioned apparatus of advanced statistical analysis changed the outcome only minimally compared to the classical model of the normal linear regression. As a result, in order to simplify the presentation and to facilitate the interpretation of results, linear regression models were estimated using the classical least squares method. 
Results and discussion
The test results for the kinematic viscosity in the analyzed periods are shown graphically in Figure 2 and 3. All test oils corresponded with viscosity grade 5W-30, at which, according to the classification SAE J300-2013, kinematic viscosity at 100°C should be in the range of 9.3-12.5 mm 2 ·s -1 . Although all oils have met the requirements, it is clear that the oil sample PE was characterized by the lowest values of kinematic viscosity.
The analysis of changes in kinematic viscosity of motor oils during operation gives rise to the conclusion that the kinematic viscosity of oil samples CE, MS and PE at 40 and 100°C showed an upward trend, which is a clear indication of the intensity of oxidation processes. In the case of oil samples ME and PS, the reverse trend was observed, i.e. the kinematic viscosity decreased from its baseline level.
The decrease in viscosity of engine oil in the initial operation phase under the shear of viscosity modifier was not compensated by the increase in viscosity resulting from the compaction of oil degradation products. The situation has changed diametrically between 10,000-15,000 km, when the degradation process dramatically accelerated, thus setting the maximums for all tested oils.
It should also be noted that the oil sample PE which was characterized by the lowest value of the kinematic viscosity, at the mileage level of 15,000 km, eventually reached the figures corresponding with the initial ones for the remaining oils analyzed. Thus, the oil sample PE after a year of operation has a kinematic viscosity similar, or equal, to the fresh oil samples CE and MS.
Of the 23 analyzed oils, from the third to the fourth quarter, the highest percentage increase in viscosity at 40°C was recorded for the following oil samples: PE 018207 by 20% (from 62.6 to 75.1 mm 2 ·s -1 ), MS 018128 14% (from 76.5 to 87.1), MS 018361 by 13% (from 78.8 to 89.3), PS 018 784 13% (from 79.5 to 89.7) and ME 017764 12% (from 76.8 to 85.8). And an increase in viscosity at 100°C for oil samples: ME 017764 14% (from 11.8 to 13.4), PS 018 149 13% (from 11.6 to 13.1) and ME 018 760 12% (from 11.9 to 13.3).
The second group of samples i.e. PS 018193 and CE 017977 should be analyzed separately in the future. Clearly, a change in operating conditions influenced the changes in viscosity. The viscosity figures in the second group of samples were lower by about 10% throughout the entire test period in relation to oils used in the first group of samples.
After analyzing the changes in viscosity at 40°C, it can be concluded that a relatively narrow range of variation was retained by the oil samples CE. In this group, in all four cases, the kinematic viscosity was maintained within the range of 66.4 to 80.8 mm 2 /s. In contrast, for the kinematic viscosity at 100°C the narrowest range of variation was retained by the oil sample PE (from 9.8 to 11.2 mm 2 ·s -1 ). Moreover, it is worth noting that the curves of changes in viscosity are of similar shape in three cases: oil sample MS, PS and ME. The kinematic viscosity at 40°C in these groups after about 14,000 km traveled in relation to the kinematic viscosity of fresh oil has increased by 23%, 17% and 15% respectively.
The results of the viscosity at 100°C give rise to the conclusion that the kinematic viscosity of oil samples CE, ME, MS and PS, after about 12,000 km traveled rises to levels corresponding to the class of viscosity 5W-40. Only oils designated as PE remain in the viscosity grade 5W-30 during entire life-cycle. Table 3 presents the descriptive characteristics of the tested engine oils in different periods of measurement. The limit value level of significance was set at 0.05. Below this value, the results obtained were evaluated as statistically significant (values are distinguished in bold). The p-values of less than 0.01 were considered highly significant (values are distinguished in bold and underlined).
Analyzing the individual variables, as in Table 3 , it was found that after the first three months of operation the greatest number of statistically significant differences between the mean values was found in the pairs of oils with the oil sample PE. It showed lower average viscosity value compared with other oils. The analysis of the variable -mileage -did not show any statistically significant differences.
After three periods of measurement, a continuation of previously discussed trend was visible, i.e. the greatest number of statistically significant differences between the mean values was found in the pairs of oils with the oil sample PE. After six months of operation, the most homogeneous in terms of the analyzed variables were oil sample pairs CE -ME and MS -ME. After the third quarter, the analyzed variable -kinematic viscosity at 40°C and 100°C -showed that the statistical significance level lower than or equal to 0.001, makes the previously described comparisons (pairs of oils containing oil sample PE) highly significant. In terms of the variable -mileage -it was noted that statistically significant differences between the mean values were found in the pairs of oils with the oil sample ME (except for ME -MS). This is due to the fact that the group of oil samples ME had the lowest average mileage in the third period of the test -2,653 km. This result is perhaps statistically significant but essentially irrelevant. The standard deviation of mileage for ME oils in the study is on a low level (about 541 km) -which indicates a highly uniform mileages of vehicles equipped with these oils.
After the last measurement period, no statistically significant differences between the arithmetic means have been observed. After analyzing all four measurement periods, it can be noted that in some of them the comparisons almost reached statistical significance, suggesting the potential existence of differences. Such observation may be of interest in terms of possible future studies.
When analyzing the contents of Table 4 , it can be concluded that some of the differences in the consecutive measuring periods were statistically significant, e.g. the kinematic viscosity measured at 40°C and 100°C in the group of oil samples ME showed statistically significant differences between the second and third period, and between the third and the fourth, which may potentially indicate the acceleration of the upward trend for the average values of this parameter.
In the case of the oil samples PS, the kinematic viscosity showed a statistically significant difference only between the second and the third period, which may potentially indicate a sinusoidal curve form of the average values for this parameter. In the case of kinematic viscosity of oil samples CE, both at 40°C and 100°C, no significant differences were observed for any of the studied consecutive periods. It should be noted, however, that in the case of kinematic viscosity at 40°C, comparing the second period with the third, the differences in the mean values were very close to reaching the statistical significance (p = 0.05).
Modeling changes in the parameter values of engine oils
In the first step of modeling the changes in kinematic viscosity at 100°C the acceptable limit value was determined [9, 12] , then on the basis of collected empirical material the visual assessment of the relationships between the mileage and the changes in the oil properties was performed for every oil type. It was assumed that the linear relationship was adequate. Table 5 presents the results of estimations. It specifies the absolute term values (A), slope coefficients (B), contains probability test for the hypotheses proclaiming slope coefficients' value equal to 0 (p), and the residual standard deviations (Se).
It can be observed that each of the ratings of the slope coefficients was significantly different from zero (all p <0.05). The slope coefficient indicates the expected (average) change in the parameter with the increase in the mileage of 1000 km. Thus, the positive slope coefficients indicate a positive relationship between the mileage and the average parameter values while negative slope coefficients indicate a negative relationship between the mileage and the average parameter values.
The estimated regression equation, with the form of Y = A + B * X, enables to calculate average predictive values for parameters (Y) and given mileage (X). The adequate values of A and B are shown in Table 5 . The predictions will be less affected by error within the observed values of mileage, whereas the extrapolation or prediction making for much higher or lower mileage figures than investigated in this study may carry a higher risk of error, since the form of the relationship between the mileage and the test parameter outside the data is not necessarily of the same form and nature. Figure 4 presents the collected empirical data and predictive values of mileage between 0-16 thousand kilometers (the blue line in the center). The predictive values, like any other values estimated on the basis of empirical data, carry a risk of error. In order to quantify the level of possible error, the curves defining the limits of 95% prediction interval (curves P d and P g ) are also included in the chart. The black dotted horizontal line stands for accepted limit values (line G). At the point of intersection of the line P with the line G the mileage value can be found at which the average parameter value would exceed the threshold value; this is a so called reversed prediction value. The mileage value read as the points of intersection of the line G with the curves P d and P g indicate the 95% confidence interval (also called calibration interval) for the mileage value, at which the threshold value is exceeded for a hypothetical individual measurement of the tested parameter.
After analyzing the predictive values of mileage between 0-16 thousand kilometers for the kinematic viscosity at 100°C parameter (Fig. 4) , it was found that the critical value was first exceeded by the group of oil samples ME, followed by the CE and PS ex aequo. A distinctively low kinematic viscosity compared to other oils, continuing at the acceptable limits up to the mileage of 40 000 km (extrapolation), was observed in the case of oils from the PE group. Noteworthy, are also very narrow prediction ranges for oils in this group.
Final conclusions
This study focuses primarily on the description of changes in kinematic viscosity of engine oils during operation. The results of research conducted on a fleet of vehicles under actual working conditions may facilitate decision-making regarding the service life of engine oils and the intervals between oil changes. The main conclusions of this study are as follows:
Three of the five types of oils i.e. CE, MS and PE have shown, since the beginning of the test, an increase in kinematic viscosity at 40 and 100°C as compared to the baseline levels, which may indicate oxidation processes occurring in oils.
The curves of changes in these oils are of similar shape, and the kinematic viscosity in these groups after 12 months, relative to the kinematic viscosity of fresh oil, increased by 20%, 16%, 27% (temp. 40°C) and 11%, 5%, 12 % (temp. 100°C), respectively. In the case of two oils -ME and PS -an initial decrease in viscosity from baseline level up to the mileage of about 10 thousand km was observed, then the viscosity started to increase. This can be explained by the shear of viscosity additives in the initial period of operation. The curves of viscosity changes for these oils have similar shape and the change in viscosity, as compared to the fresh oil, was as follows: 8% and 14% (temp. 40°C), 4% and 8% (temp. 100°C), respectively. It must be, therefore, concluded that the change in viscosity will strongly depend on the formulation of oil by the manufacturer. A proper selection of oil formulation for fleet vehicles operated in similar conditions will have an impact on the degradation of oil.
Statistical analysis assisted in confirming the significance of changes in viscosity between oil type PE and other oils. In contrast, only some of the differences in the consecutive measuring periods proved to be statistically significant.
The obtained results have led to the development of a statistical model using basic mathematical model -a linear function. The resulting model, based on the change in kinematic viscosity of in-service engine oils at 100°C can be used to predict the behavior of the engine oil during operation.
It should be noted, however, that in order to obtain the full picture of the changes taking place in the oil, it is advisable to interpret the kinematic viscosity figures together with the dynamic viscosity (HTHS) ones, as well as with the degree of oxidation and acid 
